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ABSTRACT
The ontogenetic sequence of ossification of the cranium, including 
descriptions of the development of individual elements, from initial 
appearance of bone through adulthood, is described for two species of 
amphibian: the Spotted Salamander, Ambystoma maculatum, and the 
Tailed Frog, Ascaphus truei. This study is based on cleared-and-stained 
developmental series of 269 specimens of Ambystoma and 325 of 
Ascaphus. Nine stages of cranial development are defined for Ambystoma 
maculatum. By metamorphosis, all bones of the skull of Ambystoma 
except the articular have begun to ossify. The ossification sequence of 
Ambystoma shows little interindividual variation; only 6 specimens do 
not follow the modal sequence. Comparisons with other salamanders 
reveals basic similarities in the developmental pattern of the caudate skull. 
In Ascaphus truei, geographic variation in the sequence of cranial 
ossification is greater than previously reported for any species of 
amphibian. In addition, intraspecific variation within populations is also 
higher than previously reported. The number of bones present at any 
developmental stage shows a poor coorelation with external morphology. 
As many as 13 Gosner stages may pass after initial appearance of a given 
bone before it appears in all specimens in the sample. Relative to other 
anurans, ossification of many cranial elements is delayed in Ascaphus. 
This delay is discussed in terms of larval specialization, and as a possible 
consequence of heterochrony. Differences in the developmental patterns 
of ossification in Ambystoma maculatum and Ascaphus truei reflect basic 
differences in the evolution of larval life histories.
viii
INTRODUCTION
Adult cranial morphology has historically played an important role 
in the classification of amphibians, particularly in salamanders (e.g., Cope, 
1889; Noble, 1931; Tihen, 1958; Wake, 1966), and anurans (e.g., Cope, 1889; 
Noble, 1922; Lynch, 1971; Cannatella, 1985). Although there is a 
considerable amount of information available on the adult structure of the 
amphibian skull, comparatively little is known about the structural 
changes that occur in the development of the entire osteocranium. 
Presently, descriptions of the ontogeny of the skull are limited to eight 
species of salamanders representing four families (Reilly, 1986 and 
references therein), and twenty species of anurans representing eight 
families (de SA, 1988; Wiens, 1989; Trueb, 1985). Many of these studies 
provide only partial descriptions of the timing and subsequent 
development of the skull. This lack of basic developmental data is 
surprising given the number of studies that have demonstrated the 
importance of developmental processes (e.g., heterochrony and 
developmental constraints) in the evolution of many amphibian lineages 
(de Beer, 1937; Alberch and Alberch, 1981; Alberch, 1983; Trueb, 1985;
Alberch, 1989), and the apparent utility of ontogenetic character 
transformations in phylogenetic analyses (Kluge and Strauss, 1985; Kraus, 
1988; Wake, 1989).
In this study, I provide complete descriptions of the ontogeny of 
cranial ossification in two species of amphibian, Ascaphus truei and 
Ambystoma maculatum, including data on the timing and sequence of 
appearance of all cranial elements in the skull of these species. I have 
examined large numbers of larvae for both species in an attempt to 
1
document levels of intraspecific variation inherent in the developmental 
processes that underlie skeletal differentiation. The results presented here 
are compared with other published accounts of cranial development in 
amphibians, and a discussion of the similarities and differences in the 
development of the skull between the two species is included. The 
descriptive, ontogenetic data presented here, including complete data on 
the timing of differentiation events, should provide a valuable resource for 
future evolutionary and systematic studies of other amphibian taxa.
The Spotted Salamander, Ambystoma maculatum, is one of 30 
currently recognized species of Ambystoma (Frost, 1985). The present 
distribution of Ambystoma maculatum extends from Nova Scotia to 
southern Ontario, and throughout the eastern U. S., south through 
Georgia, and eastern Texas (Conant, 1986). It is a member of the family 
Ambystomatidae, which ranges throughout North America, from extreme 
southern Alaska to the southern edge of the Mexican Plateau (Duellman 
and Trueb, 1986). The phylogenetic position of the family Ambystomatidae 
relative to other families of salamanders is summarized in Figure 1 (from 
Duellman and Trueb, 1986). Relationships of species within the family 
Ambystomatidae have been analyzed by Tihen (1958), who presented a 
review of the osteology and revised the classification of the group 
(including Rhyacotriton olympicus and Dicamptodon ensatus), and Kraus 
(1988), who provided a test of the ontogenetic polarity criterion in a 
phylogenetic analysis, utilizing characters from the morphology of the 14 
North American (U. S.) species in the family.
The Tailed Frog, Ascaphus truei, occurs in isolated populations 
scattered throughout the humid, coniferous forests found in the Pacific 
Northwest (Metter, 1967; Stebbins, 1985). Traditionally, Ascaphus has been 
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classified in the primitive anuran family, the Leiopelmatidae 
(Leiopelmidae of Noble, 1931; Lynch, 1973; Duellman, 1975). In a recent 
morphological analysis of the primitive, or "archaic" species of anurans, 
Cannatella (1985) recognized the Leiopelmatidae as paraphyletic and 
resurrected the family name Ascaphidae, of which Ascaphus truei is the 
only member. The phylogenetic position of the Ascaphidae relative to 
other families of anurans is summarized in Figure 2 (after Cannatella, 
1985). Details of adult cranial anatomy of Ascaphus have been described 
previously by Noble (1931), de Villiers (1934), and Cannatella (1985). The 
development of the chondrocranium has been discussed by van Eeden 
(1951), and Pusey (1943) described the cranium of a single larval specimen 
of Ascaphus truei.
MATERIALS AND METHODS
To document development in these species, 269 larval and adult 
Ambystoma maculatum and 325 Ascaphus truei were examined. All 
Ambystoma larvae and recent metamorphs were collected over a two-year 
period from the same ephemeral woodland pond north of St. Francisville, 
West Feliciana Parish, Louisiana. Three adult specimens in the Louisiana 
State University Museum of Natural Science were included in the study 
because no adults were collected at the field site. All Ambystoma 
specimens, ranging in age from several days prehatching to recently 
metamorphosed individuals, were simultaneously killed and preserved in 
10% formalin. After fixation, snout-vent and total lengths were taken for 
each individual using dial calipers. Collector number and snout-vent 
length are given for each individual examined in Appendix A.
Post-hatching tables of development are generally not available for 
salamander taxa. This is due in large part to the fact that unlike anurans, 
salamander larvae show relatively little change in external morphological 
characteristics during development. Therefore, to facilitate descriptions of 
the ontogeny of cranial elements and make comparisons with other 
salamander taxa more meaningful, a series of developmental stages was 
defined on the basis of conspicuous events in the development of the skull 
(Table 3). This staging system follows criteria similar to those used by 
Bonebrake and Brandon (1971) in their study of the development of the 
cranium in Ambystoma texanum, and will serve to aid in a discussion of 
cranial ontogeny between these species. For example, Stage I begins with 
the simultaneous appearance of the first four elements to ossify in the 
skull. The ossification of the premaxilla marks the beginning of Stage II,
4
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and metamorphosis occurs in Stage VIII. The same cranial elements 
appear in the same stage in both studies with one exception. In 
Ambystoma maculatum, the orbitosphenoid appears later in ontogeny 
than in A. texanum and so is included in a later stage. This staging system 
allows for a common frame of reference from which patterns of cranial 
ossification can be compared.
Larval and adult Ascaphus truei were collected from seven 
populations spanning most of the range of this species (Table 1, Fig. 3). 
Tadpoles were staged according to a modified Gosner (1960) staging system 
to accommodate the unique larval type of Ascaphus. These larvae lack the 
subarticular tubercles that normally delimit Stages 39 and 40. In addition, 
the forelimbs erupt comparatively early, and the larval mouthparts, which 
are large and suctorial in Ascaphus, are retained longer than in other 
anuran taxa. Because of this, Stages 39 through 42 are defined as follows:
Stage 39. Relative lengths of the toes have increased from Stage 38. 
There is no reduction of the cloacal tail piece. The skin over the forelimbs 
becomes translucent and arm buds appear.
Stage 40. Forelimb buds continue to increase in length, and by the 
end of this stage they are beginning to break through the skin. Reduction 
of the cloacal tail piece occurs to a point of approximately one-half of the 
original length.
Stage 41. The arms have erupted completely. The cloacal tail piece 
disappears, and the horny denticles of the larval mouthparts start to 
lighten in color as the external mouthparts begin to decrease in size.
Stage 42. The external, larval mouthparts degenerate completely 
during this stage, and the mouth is reduced to a small slit anterior to the 
eyes.
6
Stages 43 through 45 are delimited by the general increase in the size 
of the developing mouth relative to the eyes (Gosner, 1960). After staging, 
snout-vent and total lengths were taken for all specimens. Sample size, 
snout-vent length, and Gosner stage are listed for each Ascaphus truei 
specimen in Appendix B.
All specimens of both species were cleared and differentially stained 
for bone and cartilage using the procedure of Dingerkus and Uhler (1977) as 
modified by Linda Ford (unpublished). Because it was impossible to 
distinguish the sequence of appearance of the first four bones to appear in 
the skull of Ambystoma maculatum in whole-mount preparations, 
histological sections of the cranium were prepared for a series of 
prehatching individuals following the procedure of Hall (1986). 
Observations and drawings of the cleared-and-stained specimens were 
completed with the aid of a Wild M5 stereo microscope fitted with a 
drawing tube. Anatomical terminology follows that of de Beer (1937), 
Trueb (1973), and Duellman and Trueb (1986). A list of anatomical 
abbreviations is given in Table 2.
RESULTS
General observations on the development of Ambystoma maculatum.
The modal sequence of ossification in the skull of Ambystoma 
maculatum is summarized in Table 3, and with few exceptions shows the 
following sequence: vomer, coronoid, palatine, and dentary are the first 
elements to appear and ossify simultaneously. These are followed (in 
order) by the parasphenoid, squamosal, prearticular, pterygoid, frontal, 
parietal, exocdpital, quadrate, maxilla, prootic, opisthotic, prefrontal, 
columella, septomaxilla, orbitosphenoid, and nasal. All of these bones 
appear prior to the completion of metamorphosis. During the period of 
metamorphosis (Stage VIII) the palatine and coronoid bones are lost. The 
articular ossifies after metamorphosis is complete.
Because the sequence of appearance of the first four bones could not 
be distinguished from cleared-and-stained preparations (Table 4), 
histological sections of the skull were prepared for five prehatching 
individuals that ranged in size from 5.7 to 8.2 mm. Previously, Hanken 
and Hall (1988) have shown, using serial sections, that ossification of 
certain cranial elements occurred much earlier than was evident from 
cleared-and-stained specimens of Bombina orientalis. In their sample, 
ossification centers were evident as many as six Gosner developmental 
stages prior to the initial appearance in whole-mount preparations. In the 
present study, no ossification centers were detected in any of the sections 
prepared of the skull of Ambystoma maculatum. This indicates that the 
first four bones to ossify in the skull (vomer, coronoid, palatine, and 
dentary) begin to ossify simultaneously in the development of this species
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and that this is not simply an artifact of the dearing-and-staining 
technique.
Variation
Variation in the sequence of appearance of bones was minimal in 
the sample and can be summarized as follows: 1) Two specimens in Stage 
II developed the prearticular prior to the appearance of the squamosal; 2) 
Two Stage V individuals developed the maxilla prior to the appearance of 
the quadrate; 3) In one specimen (Stage VI), the septomaxilla developed 
before the columella; 4) In one specimen (Stage VII), the nasal bone formed 
prior to the appearance of the orbitosphenoid.
An examination of the individual size distribution of the larval 
Ambystoma as it relates to ossification in the skull is provided in Figure 4. 
Early ossification events in the skull of Ambystoma are poorly correlated 
with body size as measured by snout-vent length. This trend is particularly 
evident in the appearance of the first ten bones to ossify in the skull. 
During this period, there is only a very slight increase in body size as each 
new element appears, and the size ranges of each of these developmental 
events overlap almost completely. The view that external morphology 
correlates poorly with cranial ossification is supported by the observation 
that larger specimens in the sample often had bones that were smaller or 
less differentiated than those seen in smaller specimens.
Development of Cranial Elements
The following developmental descriptions are listed by the sequence 
in which the bones appear during ontogeny. The first four bones (dentary, 
coronoid, vomer, palatine) ossify simultaneously in Ambystoma.
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Dentary. The dentary appears in Stage I as a long sheet of bone on 
the anterior face of Meckel's cartilage extending from the symphysis to the 
anterior edge of the coronoid (Fig. 5A). Teeth are present along the entire 
length at this stage. In Stage II the anteromedial edge of the bone enlarges, 
becoming cylindrical in shape and forming what Theron (1952) reported to 
be the mentomeckelian bone in Ambystoma maculatum. There was no 
evidence in this sample of an independent, ontogenetic origin of 
ossification for the mentomeckelian. Neither Reilly (1986) nor Bonebrake 
and Brandon (1971) reported separate ossification of the mentomeckelian 
in the development of Notophthalmus viridescerts or Ambystoma 
texanum respectively, although both species are reported to have this bone 
(Duellman and Trueb, 1986). Based on these earlier reports and the 
observations of the development of the dentary in Ambystoma maculatum 
in the present study, it is unclear whether this bone is actually present in 
these species. During Stage III, the dentary continues to lengthen 
posteriorly along the lateral edge of Meckel's cartilage (Fig. 6C). By Stage V, 
the posterior edge of the dentary has reached a point level with the 
posterior edge of the prearticular (Fig. 8C). The width of this bone 
continues to increase during development and by Stage VII, the coronoid is 
completely covered in lateral view (Fig. 9C). Growth through the 
remaining stages entails a general increase in size of the dentary and an 
increase in the number of teeth present (Figs. 11C, 12C).
Coronoid. The coronoids are paired, extensively dentate, dermal 
elements. They are present only during the larval stage of Ambystoma 
maculatum. The coronoid appears in Stage I on the medial edge of 
Meckel's cartilage posteromedial to the dentary (Fig. 5A). The coronoid is 
elongate posteriorly and is sharply pointed at both ends. Teeth are present 
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and oriented towards the midline. Through Stages II, HI, and TV, the 
coronoid increases in length, accompanied by a slight increase in width, 
and many more teeth appear along its entire length (Figs. 5C, 6C, 7C). In 
Stage V, an edentate lamina ossifies along the dorsolateral edge of the bone 
extending over the dorsal surface of Meckel's cartilage. In Stage VII, the 
width of the bone decreases as teeth degenerate along the lateral and 
medial margins but the length remains approximately the same. Prior to 
the completion of metamorphosis (Stage VIII) the coronoid disintegrates 
completely.
Vomer. The vomers are paired, dermal elements that first appear 
in Stage I (Fig 5A). The shape of the bone in this stage is variable, 
depending on how many teeth are present (2-5). In Stages II and HI, the 
vomer elongates anteromedially, reaching a point just short of the anterior 
edge of the trabecular cartilage (Fig. 6B). Posteriorly, the vomer widens as 
more teeth appear along its medial edge. By Stage IV, the bone is roughly 
triangular in shape with the anterior end pointing towards the midline 
(Fig. 7B). By Stage VI, the vomer has increased in size while retaining the 
same shape. Teeth are present over the entire ventral surface. Several 
specimens in Stages IV, V, and VI showed some degree of fusion between 
the palatine and the vomer. Bonebrake and Brandon (1971) noted a similar 
occurrence in Ambystoma texanum. In Stage VII, the width of the vomer 
decreases along its length as teeth are lost along the lateral and medial 
edges of the bone (Fig. 10B). Through Stage VII, the length of the vomer 
remains constant with the posterior margin level with the planum 
antorbitale. Drastic change occurs in the shape of the vomer through 
metamorphosis. Teeth disappear completely from the original area of 
tooth growth. The remaining edentate sheet of bone expands anteriorly 
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and laterally to cover the floor of the nasal capsule. The choanal notch is 
formed as this sheet continues to expand around the anterior and medial 
edges of the choana (Fig. 11B). Several rows of laterally oriented teeth 
reappear at the level of the posterior edge of the choanal notch. Finally, a 
long thin sheet of bone ossifies around the posterior edge of the choanal 
notch forming the lateral process of the vomer (Fig. 12B). Kraus (1988) and 
Bonebrake and Brandon (1971) have previously reported for A. maculatum 
and A. texanum, respectively, that the teeth present on the lateral process 
of the vomer represent vestigial teeth from the posterior portion of the 
palatine that remain after its disintegration. In the present study, 
unattached palatine teeth remained after the disintegration of the palatine, 
and were then incorporated into the lateral process of the vomer by the 
expansion of that bone.
Palatopterygoid. This element represents the palatine and pterygoid 
bones which are fused through much of larval development. Initial 
ossification of this element is limited to the palatine portion of the 
palatopterygoid. As development proceeds the pterygoid portion ossifies as 
an edentate sheet of bone extending posterior from the palatine. 
Eventually, the connection between these elements disintegrates and the 
palatine degenerates entirely, leaving only the posterior, edentate pterygoid 
portion in transformed individuals. The palatine appears first in Stage I as 
an irregularly shaped bone posterior to the vomer along the ventromedial 
edge of the trabecular cartilage (Fig. 5A). The palatine continues to be 
irregular in shape through Stage III as growth occurs by the addition of 
more teeth (Figs. 5B, 6B). In Stage III, the edentate pterygoid portion of the 
palatopterygoid appears as a thin sheet of bone fused to the posterior edge 
of the palatine. Initial growth of the pterygoid is in a posterolateral 
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direction (Fig. 6B). During Stages IV and V, the posterior edge of the 
pterygoid widens and orients in a dorsoventral plane, increasing the 
surface of articulation with the medial edge of the quadrate cartilage (Fig. 
8B). In Stage VII, the pterygoid spine appears on the dorsomedial surface of 
the pterygoid anterior to the otic capsule (Fig. IOC). This spine is a dorsal 
extension of the pterygoid that curves posteriorly as development proceeds. 
It is similar in location and has the same appearance as the "hooked 
process" that Hoheisel (1931) described as a distinctive feature of 
Ambystoma tigrinum. Bonebrake and Brandon (1971) also describe this 
feature in the development of the pterygoid in A. texanum. Through Stage 
VH, the connection with the palatine disintegrates and the anterior ramus 
of the pterygoid continues to degenerate until it reaches the anterior end of 
the pterygoid cartilage. By Stage VIII, most of the dentigerous palatine has 
disintegrated, with only a few unattached teeth remaining ventral to the 
planum antorbitale. These teeth are eventually incorporated into the 
lateral process of the vomer in Stage IX. In the adult, the posterolateral 
flange of the pterygoid articulates with the medial edges of the quadrate 
and the squamosal, and the posteromedial portion articulates with the 
prootic on the anteroventral edge of the otic capsule (Fig. 12B).
Premaxilla. The appearance of the premaxilla marks the beginning 
of Stage II (Figs. 5B, C). Initially, the premaxilla is a short dentigerous 
process that abuts the anterior end of the trabecular cartilage. The alary 
process forms soon after as a dorsal extension. In Stage III, the premaxilla 
lengthens posterolaterally and the alary process begins to curve posteriorly 
following the dorsal curvature of the head (Fig. 6C). The base of the process 
widens during this stage along the junction with the dentigerous portion 
of the premaxilla. Through Stage VII, the dentigerous portion of the 
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premaxilla increases in length, while the alary process continues to widen 
and increase its coverage of the anterior edge of the frontal. The palatine 
shelf develops during this period and is extremely thin. The premaxilla 
changes little in configuration until metamorphosis, when the alary 
process becomes more sharply curved posteriorly and the dentigerous 
portion shifts slightly posteroventrally (Figs. 11C, 12C). The space between 
the alary processes of the premaxilla is eliminated in the adult (Fig. 12A).
Parasphenoid. The parasphenoid is the only unpaired element in 
the skull. It serves to protect the ventral braincase and support the medial 
portions of the otic capsules. The parasphenoid begins to ossify in Stage II 
as a broad sheet of bone at the posterior end of the braincase (Figs. 5B, C). 
By the end of Stage HI, the concave anterior end of the parasphenoid has 
almost reached the anterior edge of the vomers (Fig. 6B). Posteriorly, the 
parasphenoid extends onto the basal plate in a thinner and crenulate sheet 
of bone covering the ventral aspect of the anterior end of the notochord 
(Fig. 6B). In Stage IV, the anterior edge of the parasphenoid reaches the 
trabecular plate near the anterior ends of the vomers. In Stage V, the 
posterior end has ossified solidly and increased in width beyond the lateral 
edges of the braincase following the ventral contours of the otic capsules 
(Fig. 7B). In Stages VII and VIII, this portion of the parasphenoid covers 
the anteromedial portions of the otic capsules and the base of the 
exoccipitals (Figs. 10B, 11B). In the adult, the anterior end of the 
parasphenoid reaches slightly beyond the dentigerous portions of the 
vomers, at the level of the choanal notch (Fig. 12B).
Squamosal. The squamosal appears in Stage II as a thin sliver of 
bone posterior to the orbit (Figs. 5B, C). The orientation of the bone at this 
point is almost horizontal in lateral view; it extends from the mid-level of 
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the quadrate cartilage to the dorsal edge of the foramen ovale. In Stage III, 
the squamosal lengthens and the otic process begins to take shape on the 
lateral edge of the otic capsule (Fig. 6C). Through Stages IV and V, the 
ventral ramus increases in length and begins to invest the posterolateral 
edge of the quadrate ventrally (Fig. 8C). Simultaneously, the width of the 
ventral ramus increases and the otic process expands over the lateral edges 
of the otic capsule. Through Stage VI, the width continues to increase and 
the orientation begins to shift to a more vertical plane (Fig. 9C). By Stage 
VII, the adult form is essentially complete and further growth is limited to 
a general increase in size (Figs. 11C, 12C).
Prearticular. The prearticular ossifies in Stage II as a sheet of dermal 
bone on the ventromedial edge of Meckel's cartilage (Fig. 5C). Length 
increases rapidly through Stage IK as the prearticular reaches from the 
posterior edge of Meckel’s cartilage to the coronoid bone. By Stage VII, the 
coronoid process of the prearticular has reached beyond the dorsal surface 
of the mandible and is angled towards the midline. At this point, the 
anterior edge of the prearticular reaches beyond the anterior edge of the 
coronoid bone. In the adult, the prearticular articulates with the medial 
edge of the dentary along its entire length.
Frontal. The frontal appears in Stage III as a sheet of bone on the 
dorsolateral edge of the braincase, extending from the alary process of the 
premaxilla to the optic foramen (Figs. 6A, C). The bone is slightly convex 
dorsally as it covers both dorsal and lateral aspects of the braincase. The 
frontal continues to expand anteriorly beneath the premaxilla and 
posteriorly to eventually overlay a portion of the parietal (Figs. 7 A, C). In 
later stages, the lateral portions of the frontal decrease in size as the nasal 
capsules take on the adult form (Figs. 9C, IOC). Growth continues along the 
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medial edge of the bone, and by Stage VIII, the frontals have completely 
closed the dorsal fontanelle (Fig. 12A).
Parietal. The parietals are dermal elements that, with the frontals, 
form the roof of the braincase. The parietals appear in Stage HI along the 
lateral edge of the braincase, ossifying in a vertical plane along the dorsal 
edge of the trabecular cartilage (Figs. 6A, B). Through Stage IV, the parietals 
expand anteriorly, sweeping ventral to the frontal, and following the 
curvature of the trabeculae along their ventral edge. Simultaneously, a 
slender process of the parietal grows posteriorly reaching the synotic 
tectum, while medial expansion along the length of the parietal begins to 
cover the dorsal braincase (Figs. 7 A, C). In Stage V, the parietal begins to 
ossify over the anteromedial portions of the otic capsule (Fig. 8A). Growth 
in the remaining stages is limited to a general increase in size, and in the 
adult the parietals meet along the midline, completely closing the dorsal 
fontanelle (Fig. 12A).
Exoccipital. The exoccipital initially appears at the beginning of 
Stage TV as a ring of ossification on the cartilaginous occipital arch (Fig. 7). 
During Stage V, the occipital condyle begins to form as the posteroventral 
edge of the exoccipital expands medially (Fig. 8). In Stage VI, the posterior 
coverage of the otic capsule increases as the dorsal and ventral connections 
become continuous with a sheet of bone that extends along the lateral 
edges of the foramen magnum (Fig. 9C). During Stage VII, the dorsomedial 
edge of the exoccipital becomes covered by the parietal and ventrally it 
fuses with the parasphenoid (Figs. 10A, B). In the adult, the dorsomedial 
edges of the exoccipitals remain separated by the cartilaginous synotic 
tectum.
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Quadrate. The quadrate is an endochondral bone that appears in 
Stage V, ossifying in the ventrolateral edge of the quadrate cartilage 
anterior to the squamosal (Figs. 8A, C). Through Stage VI, growth 
continues dorsally on the anterior and lateral aspects of the quadrate 
cartilage. The medial portions ossify during this stage, increasing the 
articular surface with the dentary (Fig. 11B). In Stage VII, a process 
develops on the anterolateral edge of the quadrate (Figs. IOC). Through 
metamorphosis, only the medial portions of this process are ossified, but in 
the adults examined this process is fully ossified. In Stage IX, the 
ventromedial portion of the quadrate articulates with the lateral wing of 
the pterygoid.
Maxilla. The paired maxillae appear in Stage V, posterolateral to the 
premaxillae and lateral to the vomers (Figs. 8A, B, C). Soon after the 
appearance of the maxilla, the facial process begins to develop along its 
anterior margin (Fig. 8C). Teeth also appear late in this stage along the 
anteroventral edge of the maxilla. Through Stages VI and VII, the maxilla 
lengthens posteriorly, reaching the anterior margin of the orbit, while the 
anterior end reaches the dental process of the premaxilla (Fig. 10). The 
facial process continues to widen, extending dorsally along the lateral edge 
of the nasal capsule; in Stage VIII it begins to overlap the anteroventral 
edge of the prefrontal (Fig. 11C). By Stage IX, teeth are present along the 
entire length of the maxilla and the posterior end reaches beyond the 
midpoint of the orbit (Figs. 12B, C).
Prootic. The prootic, along with the opisthotic and exocdpital, 
forms the ossified auditory capsule of the adult. This region is referred to 
as the occipito-otic by some authors (Duellman and Trueb, 1986). The 
ossification of the prootic marks the beginning of Stage VI; a sheet of bone 
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appears on the internal wall of the anterior otic capsule (Figs. 9B, C). As 
this sheet expands laterally, a second sheet of ossification appears 
juxtaposed to it on the outer wall of the otic capsule. Through Stage VII, 
the prootic continues to expand over all surfaces of the anterior portion of 
the otic capsule, eventually fusing with the opisthotic (Fig. 10).
Opisthotic. The opisthotic appears in Stage VI on the internal wall 
of the otic capsule adjacent to the exocdpital (Figs. 9B, C). Soon after the 
appearance of this first ossification, a second ossification appears on the 
outer surface of the capsule lateral to the exoccipital. By Stage VII, the 
opisthotic has fused with, and is indistinguishable from, the exoccipital, 
which is spreading over the dorsal and ventral surfaces of the otic capsule. 
By the later part of Stage VII, the otic capsule is completely ossified.
Prefrontals. The prefrontals are paired, dermal elements that cover 
the posterolateral roof of the nasal capsule. Initial ossification occurs in 
Stage VI between the frontal and the facial process of the maxilla (Figs. 9A, 
C). Through Stage VII, the prefrontal expands posteromedially towards the 
frontal bone, while the anterolateral edge grows towards the maxilla. By 
Stage IX, the anterior end of the prefrontal is overlapped by the facial 
process of the maxilla and the bone articulates with the posterior edge of 
the nasal and the frontal (Figs. 12A, C).
Operculum. The operculum ossifies as an oval-shaped cartilage that 
lies in the foramen ovale of the otic capsule (Figs. 10B, C). It first appears in 
Stage VI as two diffuse sheets of ossification, one on the internal wall and 
one on the external wall of the cartilage. The operculum does not ossify 
completely until after metamorphosis is complete.
Septomaxilla. The appearance of the septomaxilla marks the 
beginning of Stage VII. Initial ossification is in the form of a "U" at the 
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posteroventral edge of the prefrontal and anterior to the facial process of 
the maxilla. During Stage VII, a small ring of bone is formed around the 
nasolacrimal duct (Fig. IOC). During metamorphosis the length of the 
septomaxilla increases but generally no other change of shape occurs (Figs. 
11A, C).
Orbitosphenoid. The orbitosphenoid ossifies in Stage VII in the 
lateral wall of the braincase anterior to the optic foramen (Fig. 10B, C). 
Initially, deposition of bone is diffuse through this area but by Stage VIII, 
the orbitosphenoid becomes more solid, extending from the parietal to the 
parasphenoid and anteriorly to the anterior edge of the parietal (Fig. 11C). 
In the adult, this bone is square shaped, and articulates with the ventral 
edges of the frontals and parietals and the lateral edges of the parasphenoid 
(Fig. 12C). The orbitosphenoid does not extend posterior to the optic 
foramen.
Nasal. The nasal bones are paired, dermal elements that cover the 
anterior roof of the nasal capsules. The nasal first appears in Stage VII as a 
diffuse sheet of bone adjacent to the prefrontal, frontal, and facial process of 
the premaxilla (Figs. 10A, C). By the later part of Stage VIII the nasal has 
increased in overall size to cover the roof of the nasal capsules. In the 
adult, the nasal articulates with the lateral edges of the alary process of the 
premaxilla, with the frontal, and with the medial edge of the prefrontal 
(Fig. 12A).
Articular. The articular appears after the completion of 
metamorphosis as an ossification at the posterior end of the mandible 
between the coronoid flange of the prearticular and the dentary. In the 
adults examined, the articular is completely ossified and the face of 
articulation with the quadrate is sloped posteroventrally (Fig. 12C).
Summary of Stages in Ambystoma maculatum
Stage I. The initial ossifications in the skull are all tooth-bearing 
elements (coronoids, dentaries, palatines, and vomers). These elements 
appear simultaneously prior the depletion of the larval yolk sac.
Stage II. Ossification of the premaxillae marks the onset of Stage II. 
This is followed by the appearance of the parasphenoid, squamosals, and 
prearticulars.
Stage HI. The appearance of the pterygoid marks the beginning of 
Stage HI. The two major dermal roofing bones, the frontals and parietals, 
ossify next. The squamosal lengthens and the dorsal otic process begins to 
develop. The alae of the premaxilla grow dorsally reaching the anterior 
edge of the frontals. The parasphenoid grows to cover the entire ventral 
surface of the braincase.
Stage IV. The exoccipitals begin to ossify in the occipital arches. The 
parietal reaches the synotic tectum posteriorly and is overlain by a portion 
of the frontals anteriorly. The vomers are distinctly triangular and curved 
towards the midline. The posterior edge of the parasphenoid continues to 
lengthen around the notochord.
Stage V. Ossification of the quadrates marks the beginning of Stage 
V. The dentigerous portion of the maxilla appears, followed by the facial 
process. Ventrally, the posterior pterygoids continue to widen. Posteriorly, 
the parasphenoid increases in width and reaches the otic capsules. The otic 
process of the parietals begin to cover the medial edges of the otic capsules. 
Occipital condyles begin to form on the exoccipitals.
Stage VI. Prootics begin to ossify at the start of Stage VI. These are 
followed by the opisthotics, prefrontals, and opercular bones. The prootics 
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ossify as double sheets of ossification on the anterior edge of the otic 
capsules. The opisthotic quickly with the exoccipital soon after its initial 
appearance. Together these begin to cover the posterior portion of the otic 
capsules. Prefrontals ossify along the lateral edges of the nasal capsules 
medial to the maxillae. The opercular ossifies along the lateral edge of the 
otic capsule.
Stage VII. The septomaxillae are the first bones to appear in this 
stage. These are followed by ossification of the orbitosphenoids. The nasals 
are the last bones to ossify in this stage. In the mandible, the coronoid 
begins to disintegrate. By the end of Stage VII, the pterygoid-palatine 
connection is lost. The pterygoid spine appears on the dorsomedial surface 
of the pterygoid, and ossification of the otic capsule is complete. Ventrally, 
the parasphenoid begins to cover the otic capsules and fuses with the 
exoccipitals.
Stage VIII. Stage VIII is the period of metamorphosis. Major 
restructuring of the palate occurs. The vomerine teeth disintegrate, 
leaving only a small, edentate sheet of bone. The palatine disintegrates, 
leaving only a few teeth posterior to the choanal notch; these are later 
incorporated into the lateral process of the vomer. The orbitosphenoid 
begins to overlap the parasphenoid ventrally. On the dorsal surface of the 
cranium, the fontanelle along the midline between the frontals and 
parietals is closed. Complete disintegration of the coronoid occurs.
Stage IX. The articulars ossify in this stage and the adult form of the 
skull is attained. The vomers surround the anterior, medial, and posterior 
edges of the choanal notches. Several rows of laterally oriented teeth 
reappear along the posterior edge of the bone. The pterygoids articulate 
with the otic capsules, squamosals, and quadrates posteriorly. The space 
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between the alae of the premaxillae is dosed. In the mandible, the articular 
ossifies, and the prearticular articulates with the dentary along its entire 
length.
Genera! observations on the development of Ascaphus truei
Ossification of cranial elements in Ascaphus truei is marked by a 
light deposition of bony matrix throughout development. Often, early 
deposition of bone is light and uneven, leaving irregular elements that are 
often crenulate or pitted in appearance. Many bones (e.g., most bones that 
appear during metamorphosis) appear thinner during development in 
Ascaphus than in the salamander A. maculatum. Often these elements 
retain a transparent appearance as they increase in overall size.
The sequence of cranial ossification is highly variable among 
populations in this sample of Ascaphus truei. The first three bones to 
appear in all populations are the exoccipital, parasphenoid, and 
frontoparietal. The sequence of appearance of these elements is variable 
both among, and within, populations studied (Table 5). In individuals 
from Mason Co., WA, the modal sequence is parasphenoid, frontoparietal, 
and exoccipital. In all other populations the sequence is generally 
exoccipital, followed by either the frontoparietal or the parasphenoid. 
Three specimens from Josephine Co., OR (Stages 32 and 33) have both the 
parasphenoid and frontoparietal yet lack any ossification of the exoccipital. 
Of six possible sequences of appearance for these first three elements, three 
(possibly four) are evident.
After ossification of the first three elements, the sequence of 
appearance of cranial elements is less variable, with one modal sequence 
evident: septomaxilla, premaxilla, vomer, angulosplenial, dentary, 
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maxilla/squamosal, sphenethmoid, and the pterygoid all appear prior to 
metamorphosis. Postmetamorphically, the prootic, mentomeckelian, 
nasal, quadrate, and articular ossify. The timing of appearance of the 
squamosal and the maxilla is unclear as they begin to ossify simultaneously 
in larger specimens of Stage 45. Not all specimens followed the sequence 
described above. Exceptions include: 1) In one specimen, ossification of the 
vomer occurred prior to the appearance of the premaxilla; 2) One Stage 44 
individual had the angulosplenial but no vomer; 3) Ossification of the 
sphenethmoid occurred in one specimen prior to the appearance of the 
squamosal or maxilla; 4) In one Stage 45 individual, the prootic began to 
ossify prior to the appearance of the pterygoid; 5) and there are three 
specimens from Mason Co., WA, and Elmore Co., ID in which the nasal 
bone appeared prior to the completion of metamorphosis.
As in the sequence of ossification of cranial elements, the timing of 
the onset of cranial ossification is variable throughout the sample (Table 6, 
Fig. 13). In general, the mean number of elements present in each stage 
increases, but the ranges in each stage often overlap. This is particularly 
true of Stages 31 through 34. In each of these stages there are individuals in 
which no bones have ossified and others in which the first three bones 
have begun to ossify. The poor correlation between body size and cranial 
ossification can be traced to the variation in the onset of ossification of 
individual elements (Tables 7, 8, and Figs. 14-21). Figures 14 through 21 
are a series of graphs showing the percentage of individuals of Ascaphus by 
Gosner stage that have a particular bone. Data for each element are plotted 
separately. For comparative purposes, three other anuran species are 
included in the figure. There are only three bones, the mentomeckelian, 
quadrate, and the articular that attain a frequency of 100% within a single 
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stage. Variation in the onset of ossification is greatest in two of the earliest 
bones to appear in Ascaphus, the parasphenoid and frontoparietal. 
Although the parasphenoid appears in Stage 29, 13 stages pass before all 
specimens in the sample have the element. For the frontoparietal, 11 
Gosner stages are necessary. The exoccipital and septomaxilla are less 
variable (4 stages), as are the premaxilla and vomer (5 stages).
Development of Cranial Elements
The following developmental descriptions are listed by the sequence 
in which these bones first appear during the ontogeny of Ascaphus truei.
Parasphenoid. The parasphenoid is a single, dermal, median 
element that underlies the braincase and medial portions of the otic 
capsules (Fig. 27B). It consists of an anterior cultriform process and 
posterior laterally directed alae. The development of this bone in 
Ascaphus is variable among populations. In most populations, the 
parasphenoid first ossifies as a sheet on the floor of the braincase, anterior 
to the basal plate, and approximately at the level of the prootic foramen. 
Between initial appearance and the beginning of metamorphosis (Stage 41), 
growth is limited to thin extensions of the cultriform process anteriorly 
and posteriorly, with contemporaneous medial expansion in the area of 
initial ossification (Fig. 22A). By contrast, the parasphenoid begins to ossify 
farther posterior around the anterior end of the notochord in specimens 
collected from two populations (Josephine Co., OR, and Cowlitz Co., WA). 
From this point growth occurs anteriorly, and by Stage 41, the relative 
shape of the bone is the same (Fig. 23B). During metamorphosis, the 
crenulate, posterior portion of the parasphenoid begins to ossify laterally to 
form the alae (Fig. 24B). Continued growth of this element involves the
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lengthening of the cultriform process to reach the posterior edge of the 
nasal capsules and a general increase in size of the alae (Fig. 27B).
Frontoparietal. The frontoparietals are paired dermal bones that 
form the roof of the braincase. Initially, a small, thin sheet of bone appears 
on the dorsolateral edges of the braincase anteromedial to the orbit (Fig. 
22A, B). Through Stage 35, growth proceeds anteriorly to the point where 
the trabeculae turn medially, and posteriorly to the otic capsules. There is 
some medial expansion of the bone during this time. In Stage 36, a 
thinner, posterior extension of bone reaches the synotic tectum and begins 
to curve medially (Fig. 23A). At this point, there is only a slight lateral 
overlap along the length of the trabeculae and the anterior portion of the 
otic capsules. Between Stages 36 and 44, the frontoparietal widens slightly 
and maintains its relative length. In Stage 45, the posterior end expands 
medially along the synotic tectum while the frontoparietals increase in 
length along the lateral edges (Figs. 24A, 25A). Postmetamorphically, the 
anterior ends of the frontoparietals begin to curve laterally and grow 
towards the nasals at the level of the planum antorbitale. In adult 
specimens, these bones cover a small posteromedial portion of the roof of 
the nasal capsules, but do not articulate with the nasal bones (Fig. 27A). 
Posterior to the nasal capsule, the lateral edge of the frontoparietal follows 
a straight line along its entire length. There is only slight overlap of the 
medial edges of the otic capsules by the frontoparietal, and the posterior 
edge terminates at a point just overlapping the exoccipitals. The bone is 
widest at the posterior end. There is no articulation between the 
frontoparietals and an extensive frontoparietal fontanelle persists along the 
midline (Fig. 27A).
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Exoccipital. The exoccipitals are always among the first skull bones 
to appear in anuran development (Trueb, 1985). These bones protect the 
posterior portion of the brain and unite the cranium with the vertebral 
column. As early as Stage 31, crescent-shaped ossifications appear 
surrounding the foramen magnum on the medial surfaces of the occipital 
arches (Fig. 22B). Growth occurs in an anterolateral direction along the 
entire arch, and by Stage 36, the exoccipital is a continuous sheet of bone on 
the posterior edge of the otic capsule (Fig. 23A). Dorsoventrally, the 
exoccipital follows the curvature of the foramen magnum and maintains 
its crescentic appearance while increasing in size. By late Stage 45, the bone 
has increased in overall dimensions and the dorsal extensions of bone 
have ossified medially onto the synotic tectum (Fig. 25A). Ventrally, the 
occipital condyles have begun to form and the jugular foramen is partially 
ossified (Fig. 25B). Ossification in Stage 46 entails a general increase in size 
as the exoccipitals overlap dorsally and ventrally, and are overlapped 
dorsally by the frontoparietals (Fig. 27A). The jugular foramen becomes 
completely encircled by bone, and the condyles expand in size and 
articulate with the cotylar surface of the cervical vertebrae.
Septomaxilla. The septomaxillae are small membrane bones that 
serve to support the anterior ends of the nasolacrimal ducts. At its earliest 
appearance, the septomaxilla is a "U" shaped ossification forming a canal 
that is oriented in an posterolateral direction (Fig. 23C). By Stage 42, the 
lateral arm of the "U" has expanded dorsally and anteriorly, forming a 
triangular flange of bone that covers the anterior roof of the canal, while 
the medial arm has increased in height and curved laterally to overlap 
slightly the posterior aspect of this flange. During metamorphosis, the 
septomaxilla takes on a funnel shape as ossification spreads along the
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dorsolateral and dorsomedial edges of the bone. As the nasal capsules 
develop and expand laterally, the orientation of the long axis of the 
septomaxilla changes to parallel the maxilla (Figs. 24C, 26C). 
Postmetamorphically, a small ventral shelf ossifies, forming an incomplete 
floor of the nasolacrimal duct; the septomaxilla continues to grow in size.
Premaxilla. The paired premaxillae are dentigerous elements that 
comprise the anterior component of the maxillary arch. The alary process 
first appears in Stage 44 as a vertical, cancellous sheet that slopes 
dorsomedially. Through Stage 44, the alary process lengthens ventrally 
and reaches the crista subnasalis, simultaneously increasing in width. In 
Stage 45, the lateral portion of the dental process appears as a distinct 
ossification (Fig. 24B, C). As this sheet ossifies laterally and medially, the 
medial portion of the dental process ossifies as a ventral continuation of 
the alary process. During this time, the alary process also shifts its 
orientation vertically and is eventually bordered posteriorly by the prenasal 
cartilage along part of its length. As the two portions of the dental process 
meet and fuse ventral to the alary process, the palatal shelf begins to grow 
posteromedially (Fig. 26B). This shelf ossifies along the entire posterior 
face of the dental process and grows rapidly to adult proportions prior to 
the completion of metamorphosis in some specimens. Teeth also appear 
in some specimens prior to metamorphosis.
Vomer. The paired vomers are the most variable bones in terms of 
development and adult configuration. The vomer first appears as a single, 
laterally oriented ossification immediately ventral to the trabecular 
cartilage, at the posteromedial edge of the nasal capsule (Fig. 24B). In Stage 
45, an anteriorly directed process appears as the bone grows slightly in 
width, although some of the largest specimens of Stage 45 show no 
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development beyond the initial ossification (Fig. 25B). Prior to the 
completion of metamorphosis, teeth (1-2) may be present. In Stage 46, all 
specimens examined have a small patch of laterally directed teeth present 
in the area of initial ossification (Fig. 26B). The edentate portion of the 
vomer continues to grow anteriorly and medially becoming roughly 
triangular in shape, and extending maximally to a point at the level of the 
anterior end of the internal choana. Most of the bone lies on the ventral 
surface of the cornu trabeculae and only a small portion ever grows 
laterally onto the floor of the nasal capsule. A posteromedial shelf of the 
vomer appears in Stage 46. At its maximum, this shelf is as wide as the 
anterior portion of the vomer and extends posteriorly to the level of the 
planum antorbitale. In most specimens, this flange is thinner and shorter 
(Fig. 27B), and in one of the largest specimens this flange is absent 
altogether.
Angulosplenial. The angulosplenials are paired, dermal elements 
that invest Meckel's cartilage medially and form the primary support for 
the lower jaw. The angulosplenial first appears in Stage 44 as a cancellous 
sheet of bone on the posteriomedial edge of Meckel's cartilage (Fig. 24C). 
This occurs after the fusion of Meckel's cartilage with the infrarostral 
cartilage. By Stage 46, the coronoid process is evident on the posteromedial 
surface of the angulosplenial, and the anterior end of the bone extends one- 
half the length of the mandible to overlap slightly with the dentary (Fig. 
26C). In addition, ossification has spread ventrally around Meckel's 
cartilage at the posterior end of the mandible. In cross-section the bone 
forms a "J" shape. In the adult, the anterior end of the angulosplenial 
reaches beyond the medial curvature of the mandible, and the posterior 
end forms the posterior limit of the mandible.
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Dentary. The paired dentaries are edentate bones that in the adult 
cover the entire anterior and part of the lateral surface of Meckel’s cartilage. 
Ossification of the dentary begins in Stage 45 as a thin sheet of bone appears 
on the anterior edge of Meckel's cartilage (Fig. 24C). Ossification spreads 
anteriorly and posteriorly, and in adult specimens the length of the dentary 
extends from the mentomeckelian to the coronoid process of the 
angulosplenial. The dentary does not develop teeth in Ascaphus.
Maxilla. The maxilla is a dentate, dermal element that comprises 
the posterior portion of the maxillary arch in Ascaphus. The pars dentalis 
first appears posterior to the premaxilla and ventral to the septomaxilla 
(Fig. 24B, C). This sheet quickly expands posteriorly beyond the planum 
antorbitale and onto the cartilaginous posterior maxillary process. At this 
point, the pars facialis appears as a small dorsal growth just anterior to the 
planum antorbitale. Continued growth of the maxilla in Stages 45 and 46 
entails an overall increase in size of the maxilla, while the anteroventral 
edge of the dental process becomes serrate (Fig. 26C). Early in Stage 46, the 
pars palatina appears along the ventromedial edge of the maxilla. In the 
adult, this shelf is widest at the anterior end and creates a broad and sharply 
angled articulation with the palatal shelf of the premaxilla. Posteriorly, the 
shelf narrows and extends to a point beyond the level of the pterygoid but 
does not reach the posterior edge of the maxilla (Fig 27B). The palatal shelf 
does not articulate with the pterygoid.
Squamosal. The squamosals are paired, dermal elements that 
invest the quadrate cartilage laterally and serve to brace and support the 
upper jaw against the neurocranium. In the adult, the bone is triradiate in 
form with a vertically oriented ventral ramus, an anterior zygomatic 
ramus, and a posterior otic ramus that articulates with the crista parotica of 
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the otic capsules. The squamosal arises from three separate centers of 
ossification during Stage 45, after the quadrate cartilage has reoriented 
posteriorly and vertically approximating the adult condition (Fig. 24C). 
Two ossifications appear on the lateral face of the quadrate cartilage and 
one on the posterior aspect. The most dorsal ossification on the lateral 
surface of the quadrate contributes to the formation of the zygomatic ramus 
(Fig. 25C). It grows anteriorly towards the orbit and posteroventrally to 
eventually fuse with the expanding ventral ramus. The ventral 
ossification on the lateral face of the quadrate cartilage contributes to the 
formation of the ventral ramus of the squamosal (Fig. 25C). This center 
expands dorsally to fuse with the zygomatic ramus, and ventrally to cover 
the lateral aspect of the ossified quadrate. The third ossification, on the 
posterior edge of the quadrate cartilage, mirrors the growth in length of the 
ventral ramus, and eventually fuses with it along the posterolateral edge of 
the quadrate cartilage. This ossification also expands medially, eventually 
articulating with the pterygoid and a portion of the otic capsule. The otic 
ramus appears in Stage 45, after the fusion of the zygomatic and ventral 
rami. It ossifies as a vertically oriented, posterior extension of the 
squamosal (Fig. 26C). As it lengthens posteriorly, the otic ramus curves 
medially and begins to angle slightly in the horizontal plane as it 
articulates with the crista parotica.
Sphenethmoid. The sphenethmoid is endochondral in origin and 
forms the orbital wall of the braincase. In Ascaphus, the extent of 
ossification in adults examined is variable, and most specimens retain a 
paired configuration. The earliest ossification occurs in Stage 45 as a 
crescent of bone appears along the anterior edge of the optic foramen. In a 
few specimens there is a slight growth anteriorly within this stage (Fig.
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25C). Early postmetamorphic growth entails expansion along the side of 
the braincase anterior to the optic foramen (Fig. 26C). In all adult 
specimens, ossification occurs posteriorly around the optic foramen and in 
some cases the sphenethmoid articulates with the prootic. Dorsally, there 
is a slight overlap with the frontoparietal through the length of the bone. 
Ventrally, the sphenethmoid expands slightly over the dorsal surface of the 
parasphenoid (Fig. 27B). In one specimen (DCC 2711), the two sides of the 
sphenethmoid are fused along the ventral midline.
Pterygoid. The pterygoids serve as bracing elements between the 
braincase and the jaw. In the adult, the pterygoid is triradiate in form with 
an anterior ramus reaching the palatal shelf of the maxilla, and posterior 
and medial rami articulating with the squamosal and otic capsules, 
respectively (Fig. 27B). The bone first appears as a sheet oriented in a 
horizontal plane, medial to the basal process of the quadrate cartilage (Fig. 
25). The pterygoid soon takes on a triangular form as the anterior ramus 
expands along the pterygoid cartilage and the posterior ramus grows 
ventrally. By the completion of metamorphosis, the medial ramus 
articulates with the basal process and lies ventral to the otic capsule, and 
the posterior ramus articulates along the medial edge of the quadrate 
cartilage (Fig. 26). Continued growth involves an increase in the length of 
each arm of the pterygoid.
Prootic. The prootic is an endochondral bone that ossifies 
throughout the cartilaginous auditory capsules. The prootic does not 
extend onto the lateral walls of the braincase in Ascaphus as it does in 
many anurans (Trueb, 1973). The extent of adult ossification of the otic 
capsules is variable in Ascaphus. In some adults, the entire capsule is 
ossified except for the crista parotica and small seams of cartilage that 
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remain along the faces of articulation with the exoccipitals. More 
commonly, ossification is limited to the medial half and the anterior face 
of the capsule (Figs. 27A, B). There are at least four independent centers of 
ossification which contribute to the formation of the prootic. Initially, 
ossification occurs in Stage 46 along the lateral edge of the prootic foramen 
(Fig. 26). This center spreads over the anterior and ventral surfaces of the 
capsule. Later in Stage 46, a second sheet of ossification appears on the 
internal wall of the otic capsule which also expands across the 
anteroventral surface of the capsule. The third ossification center of the 
prootic appears on the internal wall of the otic capsule adjacent to its 
articulation with the exoccipital. The appearance and subsequent growth of 
this center along the ventral and medial surfaces of the otic capsule is 
reminiscent of the growth of the opisthotic bone of salamanders. The 
fourth ossification center of the prootic appears on the dorsal surface of the 
otic capsule between the 1st and 3rd ossification centers of the prootic. It 
spreads anteriorly, posteriorly, and medially. Eventually, all of these 
centers fuse together to complete the ossification of the otic capsules.
Mentomeckelian. The mentomeckelians are small, paired, 
endochondral elements that invest the anterior ends of Meckel’s cartilage. 
They appear soon after metamorphosis as single ossification centers on the 
dorsal surface of Meckel's cartilage, posterior to the tip of the dentary. As 
this center expands laterally, a new center begins to ossify on the anterior 
face of Meckel's cartilage and fuse with the dentary. Ossification then 
proceeds across the dorsal surface between these two centers. Ventral 
ossification subsequently forms a hollow cylinder of bone. In the largest 
adults, the mentomeckelians completely ossify within the cylinders but are 
separated by persistent cartilage at the symphysis of the lower jaw.
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Nasal. The nasals are paired, dermal bones which roof the medial 
and posterior margins of the nasal capsules. Initial ossification occurs with 
a thin sheet of bone appearing adjacent to the planum antorbitale and the 
anterior end of the cartilaginous braincase. The nasal assumes an "L" 
shape as the long axis continues to grow parallel to the planum antorbitale, 
and as ossification proceeds anteriorly along the medial edge of the nasal 
capsule. With additional ossification anterolaterally between the arms of 
the "L", the adult configuration is reached and the nasal covers the 
posterior one-third of the nasal capsule extending laterally to the 
septomaxilla and medially overlapping the septum nasi (Fig. 27A).
Quadrate. Ossification of the quadrate begins postmetamorphically. 
Initial ossification appears at the ventral end of the quadrate cartilage, 
ventral and anteromedial to the squamosal (Fig. 26C). Further growth 
involves ventromedial expansion that increases the surface of articulation 
with the lower jaw, and dorsal ossification within the quadrate cartilage 
between the squamosal and the posterior ramus of the pterygoid. In adult 
specimens, the quadrate has increased in height and articulates with the 
ventromedial aspect of the squamosal (Fig. 27B). In most anurans, the 
quadratojugal bone covers the quadrate laterally, and completes the 
maxillary arch as it articulates with the maxilla anteriorly. The absence of 
the quadratojugal is considered a primitive characteristic for anurans, 
because it is not found in fossil anurans, or in salamanders (Cannatella, 
1985).
Articular. The articular bones are present only in adult specimens. 
Ossification occurs at the posterior end of the lower jaw within the 
remnants of Meckel's cartilage to form an articulation with the ossified 
quadrate.
DISCUSSION
Cranial ossification in Ambystoma maculatum and comparisons with 
other salamanders.
The most thorough study to date of the skull of Ambystoma 
maculatum is that of Theron (1952). Monath (1965) and Kingsbury and 
Reed (1909) (reviewed in de Beer, 1937; and Duellman and Trueb, 1986) 
examined the ontogeny of the sound-conducting apparatus in salamanders 
including ambystomatids. All of these authors reported the presence of a 
columella and an operculum in Ambystoma maculatum. The 
development of these bones in Ambystoma maculatum can be 
summarized as follows (de Beer, 1985). In the 14-15 mm stage, the fenestra 
ovalis is occluded by a cartilaginous disk, the columella. The stylus present 
on this disk shares a ligamentous connection to the squamosal. During 
metamorphosis, the columella fuses with the otic capsule along the 
anterior edge of the fenestra ovalis. The connection with the squamosal is 
subsequently transferred to the medial edge of the quadrate. Just prior to 
the onset of metamorphosis the cartilaginous operculum develops in the 
fenestra ovalis, posterior and ventral to the columella.
Postmetamorphically, this element remains independent of the otic 
capsule, and both Kingsbury and Reed (1909) and Theron (1952) claimed the 
operculum remained cartilaginous throughout life. In the present study, 
the columella was absent in all larvae and recently transformed 
individuals examined. In these specimens, the operculum was the only 
sound-conducting bone to develop. It initially appeared in Stage V as a 
cartilaginous disk in the fenestra ovalis. It began to ossify in Stage VI, and 
ossified completely in two of the three adults examined. There was no sign 
of fusion of between this disk and the otic capsule, nor did it bear any
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stylus. The only exception to this mode of development was seen in the 
largest adult examined, in which the columella was present and the 
operculum did not ossify. This is the adult condition reported by 
Kingsbury and Reed (1909) and Theron (1952) for Ambystoma maculatum. 
Bonebrake and Brandon (1971) described the development of the columella 
in Ambystoma texanum, yet based on their illustrations and description of 
the timing and subsequent growth of this element, it seems likely that this 
actually represents the ossified operculum.
To date, the ontogeny of the osteocranium in salamanders has been 
described in only eight of the approximately 350 (Duellman and Trueb, 
1986) known species of salamanders: Salamandra salamandra 
(Stadtmiiller, 1924); Eurycea bislineata (Wilder, 1925); Triturus vulgaris 
(Erdmann, 1933); Ambystoma mexicanum (Keller, 1946); Ambystoma 
texanum (Bonebrake and Brandon, 1971); Rhyacotriton olympicus 
(Worthington and Wake, 1971); Aneides lugubris (Wake et al., 1983); and 
Notophthalmus viridescens (Reilly, 1986). Of these studies, complete 
sequence data for the timing of cranial ossification are limited to 
Ambystoma texanum. Reilly (1986) and Worthington and Wake (1971) 
provided only partial sequence data for Notophthalmus and Rhyacotriton, 
respectively. Because of this, detailed phylogenetic comparisons of the 
ontogeny of Ambystoma maculatum with other species is impossible. 
Nonetheless, there are basic similarities in the pattern of ossification of the 
skull that exist among different species of salamanders.
Bonebrake and Brandon (1971) and Reilly (1986) outlined a series of 
stages in the development of the skull of Ambystoma texanum and 
Notophthalmus viridescens, respectively. Each stage is defined by 
significant events that occur in the development of the cranium in each
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species, and is similar to the system used in the present study for A. 
maculatum. Although these stages are not defined by the same criteria 
between species, they do provide a framework that facilitates a discussion 
of cranial ontogeny of these species. Not surprisingly, the development of 
the osteocranium of Ambystoma maculatum is very similar to that 
described for Ambystoma texanum. Stages I and n in both species are 
defined by the appearance of all the larval tooth-bearing bones along with 
the parasphenoid, squamosal, and the prearticular, which appear 
coincident with the opening of the larval mouth. All of these bones are 
important in the function of the larval feeding mechanism (Duellman and 
Trueb, 1986). In Stage m, the pterygoid appears along with the major 
dermal roofing bones of the skull, the frontals and parietals. In Stages IV, 
V, and VI, the primary ossifications are all endochondral including the 
exocdpitals, quadrates, prootics, opisthotics, and operculars. Notable 
exceptions are the maxillae, which appear in Stage V, and the prefrontals, 
which ossify later in Stage VI. The next bones to appear are the 
orbitosphenoids, nasals, and septomaxillae. These all begin to ossify prior 
to the onset of metamorphosis. The articulars ossify postmetamorphically 
(Stage IX) in both species. Variation in the sequence of appearance of 
cranial elements between A. maculatum and A. texanum is limited to 
bones that normally follow one another in the ossification sequence. For 
example, the quadrate and maxilla are reversed in order, as are the prootic 
and opisthotic, and the pterygoid and frontal bones. The parasphenoid and 
prearticular appear in different order, separated by the appearance of the 
squamosal. Variation in the timing of appearance of these bones is limited 
to within a single stage of development with one exception; the 
orbitosphenoid appears after ossification of the septomaxilla in A.
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maculatum, and in this species is included in Stage VII. In A. texanum the 
orbitosphenoid ossifies in Stage VI.
Table 9 outlines the stages in the development of the skull of the 
newt, Notophthalmus viridescens (from Reilly, 1986). The adult 
complement of skull bones in this species is 21, one less than A. 
maculatum. This species lacks the septomaxilla, which is absent in all 
salamandrids and several other families of salamanders (Duellman and 
Trueb, 1986). The general pattern of ossification is similar to that described 
above. Notable exceptions include the parasphenoid and maxillae which 
begin to ossify later in the development of Notophthalmus, whereas the 
orbitosphenoid appears much earlier than in A. maculatum or A. 
texanum.
In the study of the larval development of Rhyacotriton 
(Worthington and Wake, 1971), the smallest larvae examined all had well 
developed skulls with all bones present except for the orbitosphenoids, 
prefrontals, lacrimals (a bone not present in ambystomatids), 
septomaxillae, and the nasal bones, which are variably present in 
Rhyacotriton (Wake, 1980). The orbitosphenoids, prefrontals, 
septomaxillae, and nasals are all among the last bones to appear in A. 
maculatum and, with the exception of the orbitosphenoid, ossify in the 
same sequence in each species.
Cranial ossification in Ascaphus truei and comparisons with other 
anurans.
The ontogeny of cranial ossification in Ascaphus truei has been 
examined previously by Altig (1969). Altig's study is limited in scope 
because of the small number of individuals examined (20 larvae and 12 
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postmetamorphic individuals from Benton Co. and Lane Co., OR). As 
such, Altig's study (1969) provides only a general outline of the sequence 
and ontogenetic shape changes of cranial elements. Because of this, most 
of the variation in timing between that study and the present study can 
simply be explained as a consequence of the small number of individuals 
examined by Altig (1969). Yet two notable exceptions are evident. These 
include the postmetamorphic appearance of the vomer in the specimens 
examined by Altig, and the premetamorphic ossification of the prootic in 
the single specimen of Gosner Stage 45. In the present study, the vomer 
ossifies as early as Stage 42, and by Stage 45, all specimens except one have 
this bone. The prootic ossifies postmetamorphically in this sample, though 
there is a single individual of Stage 45 that has a prootic.
Intraspecific variability in the sequence of ossification reported in the 
present study for Ascaphus is higher than that reported in other studies of 
amphibians for which such data are available (Bonebrake and Brandon, 
1971; Gaudin, 1978; Hanken and Hall, 1984). Normally, the sequence of 
appearance of cranial elements is highly conserved within a species (as it is 
for Ambystoma maculatum in the present study), and only a few 
exceptions to the modal sequence are observed. For example, Gaudin 
(1978) studied cranial ontogeny in Bufo boreas comparing individuals from 
two field sites and laboratory-reared specimens. Although he found 
significant differences in the onset of ossification for individual elements 
between each group, the same sequence of ossification was observed in all 
groups examined. This is in sharp contrast to the present study of 
Ascaphus truei, wherein a variety of possible sequences are observed, even 
within populations (Table 5). In addition, the number of individual 
exceptions to the modal sequence of ossification is also higher in this 
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species than previously reported. Given the fact that earlier 
developmental stages (i.e., premetamorphic stages including the 
appearance of the first three bones) are better represented in terms of 
numbers of individuals and populations represented (Table 1), it seems 
likely that if complete samples from each population were included in this 
study, the sequence of ossification would be even more variable than 
presently observed.
Data on osteocranial development are currently available for 20 
species of anurans (Trueb, 1985; de Sa, 1988; Wiens, 1989). The sequence of 
ossification of the skull for most of these is similar to Ascaphus in the 
following general respects: The same bones appear prior to the onset of 
metamorphosis in almost all species. These are the exoccipital, 
parasphenoid and frontoparietal. The septomaxilla is often the first bone 
to appear during metamorphosis, followed by the ossification of dermal 
bones of the jaws and certain bracing elements (squamosal and pterygoid). 
The sequence of ossification of Ascaphus is unique in several respects 
relative to other anurans. The nasal bone appears earlier in the ontogeny 
of most other species known, often just after the onset of metamorphosis. 
Only in Ascaphus truei and two species of hylid frogs does this bone appear 
postmetamorphically. Other conspicuous differences include the 
postmetamorphic ossification of two endochondral bones, the prootic and 
mentomeckelian, and late premetamorphic (Stage 45) ossification of the 
sphenethmoid in Ascaphus. In most other taxa studied, the prootic bone 
ossifies near the beginning of metamorphosis, the mentomeckelian near 
metamorphic climax, and the sphenethmoid ossifies postmetamorphically. 
It is interesting to note that Bombina orientalis, another plesiomorphic 
anuran, shares a few, general characteristics of ossification sequence with
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Ascaphus. These include the early appearance of the vomer, and 
postmetamorphic ossification of the prootic and mentomeckelian. The 
bones that are missing in Ascaphus, the quadratojugal, palatine, and 
columella, are invariably among the last bones to ossify in anuran taxa in 
which they are present (Trueb, 1985).
There are several aspects of cranial development in Ascaphus truei 
that indicate that the timing of ossification of cranial elements is delayed 
relative to other anurans. Figure 28 compares the timing of cranial 
ossification of Ascaphus truei with Bombina orientalis, Rana pipiens, and 
Bufo boreas. Data are from Hanken and Hall (1984) for Bombina, Kemp 
and Hoyt (1969) for Rana, and Gaudin (1978) for Bufo. I have chosen these 
species for comparison because they offer the most complete data available. 
In these graphs, the maximum number of bones present is plotted as a 
function of Gosner stage for each species. The values (number of elements 
present) given are based on the earliest stage of appearance for each 
element. For all species, the last bones begin to ossify in Stage 46. The 
overall duration of cranial ossification then, based on the number of stages 
between the initial appearance of the first and last bones to ossify, is greatest 
in Ascaphus (21) and Rana (21). In Bombina, 10 stages are required for 
Bufo, 11 stages are necessary. The premetamorphic bones (exoccipital, 
parasphenoid, and frontoparietal) are all apparent earlier in Ascaphus than 
in the other species. By Stage 36, all species have these three elements. As 
metamorphosis begins (Stage 41), ossification accelerates in Rana, Bombina, 
and Bufo and many new elements ossify during each stage through the end 
of metamorphosis. This is in contrast to the pattern of ossification in 
Ascaphus where only six elements ossify prior to Stage 44. Most elements 
(8) appear in Ascaphus during Stage 45, the last stage prior to completion of 
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metamorphosis. Thus, it appears that the ossification of the cranium is 
delayed in Ascaphus until near the end of metamorphosis, much later 
than in other anurans.
The delay in the metamorphosis of the skull that occurs in Ascaphus 
is most likely correlated with the unusual morphology and ecology of the 
tadpoles of this species. Tadpoles of Ascaphus live in very cold, torrential 
mountain streams. The mouthparts are specialized, with a large, suctorial 
oral disk surrounding the mouth that enables the tadpoles to adhere tightly 
onto rocks as they feed. The larval mouthparts of Ascaphus begin to break 
down later in metamorphosis (i.e., at a later Gosner stage) than in other 
anuran species. The large, muscular, larval tail is also retained longer in 
Ascaphus tadpoles. By Stage 45, the tail of certain species of Rana is almost 
completely resorbed (Altig, 1969; pers. obs.), whereas in Ascaphus the tail is 
not noticeably reduced at this stage. These morphological characters of 
Ascaphus larvae may be adaptations to the selective pressures of the larval 
environment, and transformation of the skull into adult form has been 
delayed until later in metamorphosis.
There is another possible explanation for the delay in ossification 
seen in Ascaphus. Trueb and Alberch (1985) surveyed the relationship 
between body size and the degree of ossification of the skull for many 
species of frogs. They found that the endochondral and dermal elements 
in the skull of Ascaphus were poorly ossified relative to body size. They 
postulated that a heterochronic decrease in the rate of cranial ossification 
during development could be responsible for this pattern of ossification. 
This view is supported in this study by the observation that as bones 
develop in the skull of Ascaphus, ossification is often light and uneven, 
even after the bone enlarges substantially. A neotenic shift in
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development could also explain the delay in timing of ossification seen in 
Ascaphus as compared to other anurans (Fig. 28). If the timing of cranial 
ossification in Ascaphus is more representative of the primitive, or 
ancestral, ontogeny of all extant anurans, then the pattern of cranial 
ossification in Bombin a, Rana, and Bufo may represent a derived condition 
brought about by a heterochronic shift in the rate of development.
Cranial ossification in Ambystoma maculatum and Ascaphus truei.
The distinct patterns of cranial ossification in Ambystoma 
maculatum and Ascaphus truei appear to reflect basic differences in the 
larval life histories of salamanders and anurans. The aquatic, larval period 
is characteristic of the biphasic life cycle of all amphibians, yet it is clear that 
there has been a progressive divergence between larval and adult form in 
the evolution of anurans that has not occurred in salamanders. The 
development of salamanders is more direct than that of anurans. The 
structure and function of organ systems in larval salamanders are similar 
to those in the adult, and the large scale structural changes that occur in 
anuran metamorphosis are for the most part absent in salamanders. 
Metamorphosis can be characterized morphologically in salamanders 
primarily by the changes that occur in the transformation of the respiratory 
apparatus and in the skin that are associated with terrestrial existence. The 
branchial skeleton is transformed to accommodate the tongue-projection­
feeding mechanism characteristic of many terrestrial salamanders. The gill 
slits are closed and the pattern of larval circulation changes as lungs 
develop (Duellman and Trueb, 1986). This is drastically different from the 
development of anurans, where nearly every major organ system in the 
body is transformed at metamorphosis. The system of locomotion is 
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completely replaced at metamorphosis in anurans; the tail is resorbed and 
limbs erupt that are highly specialized for saltatorial locomotion. The 
digestive tract of anuran larvae is extremely long, more suited to the 
herbivorous diet of most anuran larvae. At metamorphosis, the larval gut 
undergoes complete degeneration by cell death, and the adult digestive 
tract forms from undifferentiated stem cells (Fox, 1981). Many 
cartilaginous components of the branchial skeleton and chondrocranium, 
which are intimately involved in both feeding and respiration in anuran 
larvae, degenerate during metamorphosis. It appears that caenogenesis, or 
the insertion of specializations or adaptations in the ontogeny of 
individual species (Gould, 1977) has been a more important factor in the 
evolution and subsequent radiation of anurans than it has been in the 
evolutionary history of salamanders, and these changes in larval form are 
evident in the development of the cranium.
The larvae of Ambystoma maculatum, like the larvae of most non­
direct developing salamanders, are aquatic carnivores that begin to feed 
soon after hatching. The bones that ossify early in the development of 
Ambystoma are all involved in the larval feeding mechanism. The 
coronoids, dentaries, vomers, palatines, and premaxillae are heavily 
dentate upon initial appearance. All of these bones are at the front of the 
mouth, and are intimately involved in seizing prey. The parasphenoid, 
squamosals, prearticulars, and pterygoids appear next. These are elements 
that support the jaws and are important in the functioning of the gape-and- 
suck method of larval feeding. All of these bones ossify early in ontogeny 
before the larvae have increased significantly in size (Fig. 4). In contrast, 
the larvae of Ascaphus truei (and most anurans) are herbivorous, feeding 
largely on diatoms and algae that they scrape off rock surfaces in streams 
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(Metter, 1964). The mouth and the musculature involved in feeding 
during the larval period are supported by a distinctive series of cartilages 
characteristic of the anuran chondrocranium (de Villiers, 1934; Pusey, 1943; 
Duellman and Trueb, 1986). The first bones to appear are those involved 
in protection of the developing central nervous system. The 
frontoparietals protect the dorsal surface of the braincase, whereas the 
parasphenoid ossifies on the floor of the braincase and may help to protect 
it from pressures exerted by water entering the buccal cavity during feeding 
and respiration. The exoccipitals strengthen the posterior end of the 
braincase and protect the spinal cord as it exits the skull (Duellman and 
Trueb, 1986).
After the initial burst of ossification in Ambystoma maculatum, the 
appearance of cranial elements proceeds steadily as the larvae increase in 
size (Fig. 4). The endochondral and dermal bones that protect the braincase 
and sense organs begin to ossify prior to the onset of metamorphosis. At 
metamorphosis, two larval bones are lost (palatine and coronoid), and the 
vomer is transformed into the adult condition. Only the articular bone 
ossifies postmetamorphically in Ambystoma. In Ascaphus, as in most 
other anuran larvae, ossification of the bones involved in feeding and the 
jaw suspension have been delayed until later in ontogeny. Only the vomer 
and the premaxilla appear prior to Stage 45, the last stage of metamorphosis 
(Table 8).
In Ascaphus truei, ossification of the last bones of the skull to appear 
begins after metamorphosis is complete. This is true for almost all anurans 
for which timing of ossification is known (Trueb, 1985). Exceptions to this 
are limited to several species of pipoid frogs, that are thought to be highly 
derived anuran taxa (Cannatella, 1985; Trueb and Cannatella, 1986). The 
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appearance of these last elements postmetamorphically is again most likely 
related to the general pattern of ossification of the anuran osteocranium, 
where ecological specialization of the larvae has forced a delay in the 
ossification of most cranial elements.
Ascaphus truei and Ambystoma maculatum share several aspects of 
cranial development. Most notable is the developmental pattern and adult 
condition of the sphenethmoid in Ascaphus. The homologous element in 
salamanders is the orbitosphenoid. In Ambystoma (as in most 
salamanders), the orbitosphenoid is paired; the two sides ossify along the 
anterior portions of the braincase but do not fuse to form a complete ring 
around the braincase (Duellman and Trueb, 1986). The appearance and 
subsequent development of this bone in Ascaphus truei is very similar to 
the pattern seen in Ambystoma, with initial ossification anterior to the 
optic foramen and growth limited to the lateral portions of the braincase. 
In adult Ascaphus, the sphenethmoid remains paired; in only one 
specimen did the sphenethmoid appear to fuse ventrally. This condition 
appears to be primitive for anurans, because in most anuran taxa, the 
sphenethmoid forms a complete ring of bone that completely encircles the 
anterior portions of the braincase. Some aspects of the sequence of 
appearance of bones in Ascaphus are closer to the sequence of Ambystoma 
than that reported for other anurans. For example, the vomer appears 
earlier in the ontogeny of Ascaphus (and Bombina orientalis) than in other 
frogs, and the prootic and nasal bones appear postmetamorphically. Both 
the prootic and the nasal appear late in the development of Ambystoma.
In other anurans, these bones often begin to ossify early in the 
premetamorphic period (Trueb, 1985). Finally, the quadratojugal, a bone 
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that is absent in all salamanders, does not develop in Ascaphus; this bone 
is present in most anuran taxa (Trueb 1973).
The ontogeny of cranial ossification in salamanders and anurans 
appears to reflect basic differences in the larval life histories of these two 
groups. The sequence in which bones ossify in these species is likely 
correlated with the selective pressures of the larval environment. 
Caenogenic events in the evolution of anuran larvae have canalized 
metamorphosis and delayed the appearance of many cranial elements. 
Although Ascaphus truei may reflect the ancestral ontogeny of all Recent 
anurans, more data on the development of the skeleton in salamanders 
and anurans are necessary to reach a firm conclusion. In particular, 
descriptions of the ontogeny of more plesiomorphic salamanders and 
anurans may help answer questions about developmental processes that 
may be responsible for patterns of morphological evolution in amphibians.
The amount of intraspecific variation in the sequence of ossification 
both between and within geographically isolated populations of Ascaphus 
truei is higher than previously reported in studies of amphibian skeletal 
ontogeny. Future ontogenetic studies of taxa with large geographic 
distributions will improve our understanding of intraspecific variation in 
ontogeny. If evolutionary studies of development are to define reliable 
ontogenetic trajectories based on the timing and order of developmental 
events, then more accurate levels of variation underlying the processes of 
development must be documented.
Table 1. Summary of total number of specimens examined by Gosner Stage and locality.
Gosner 
Stage OR: losephine OR: Tillamook OR: Wallowa ID: Elmore ID: Shoshone
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WA: Mason WA: Cowlitz
26 0 0 0 3 0 0 0
27 0 0 0 7 0 0 0
28 0 0 0 3 0 0 0
29 0 0 0 1 0 1 0
30 0 0 0 2 0 2 0
31 3 1 0 5 0 4 0
32 3 0 0 4 0 1 0
33 10 1 0 3 0 6 4
34 11 0 0 4 0 16 4
35 15 0 0 6 0 16 6
36 10 2 0 6 0 19 6
37 0 0 0 20 0 0 0
38 2 1 0 0 0 0 0
39 3 4 0 0 0 0 2
40 1 7 0 0 0 0 1
41 2 17 0 0 0 3 2
42 3 7 0 0 0 4 1
43 1 2 0 0 0 1 2
44 0 5 0 0 0 4 2
45 0 4 0 2 0 10 3
46 0 0 5 0 19 0 0
Totals 64 51 5 66 19 87 33
Table 2. List of anatomical abbreviations.
A, Articular 
Ang, Angulosplenial 
AP, Alary process 
CN, Choanal notch
CP, Coronoid process 
Cr, Coronoid
Dn, Dentary 
Exo, Exoccipital 
FO, Foramen ovale 
Fr, Frontal 
Frpr, Frontoparietal 
LPV, Lateral process of vomer 
Mx, Maxilla
M-FP, Maxilla-facial process
Na, Nasal
OP, Otic process of squamosal 
Opc, Operculum 
Ops, Opisthotic
Or, Orbitosphenoid 
Pa, Prearticular 
Pal, Palatine 
Par, Parietal 
Pf, Prefrontal 
Pmx, Premaxilla 
Pmx-AP, Premaxilla-alary process 
Pmx-DP, Premaxilla-dental process 
Po, Prootic
Ps, Parasphenoid
Pt, Pterygoid
Qu, Quadrate
Qu-LP, Quadrate-lateral process 
S, Pterygoid spine
Smx, Septomaxilla
Spn, Sphenethmoid
Sq, Squamosal
Sq-OR, Squamosal-otic ramus 
Sq-VR, Squamosal-ventral ramus 
Sq-ZR, Squamosal-zygomatic ramus 
Vm, Vomer
Table 3. Ontogenetic stages in the development of the osseus cranium in Ambystoma maculatum
Stage Diagnostic features
Snout-Vent length (mm)
No. Mean Range
I Ossification of vomers, palatines, 
dentaries, and coronoids
3 8.3 8.1-8.7
n Ossification of premaxillae 40 8.3 6.7-93
m Ossification of pterygoids, frontals, 
and parietals
9 9.6 8.4-10.9
IV Ossification of exocdpitals 58 9.9 8.3-13.0
V Ossification of quadrates and maxillae 62 16.0 10.9-20.4
VI Ossification of prootics 35 21.7 19.6-23.3
VII Ossification of the septomaxillae 31 25.0 21.7-28.1
vni Disintegration of palatine 6 25.4 23.0-27.6
IX Ossification of articulars 3 47.1 35.9-57.9
Table 4. Ossification sequence and body size by developmental stage in Ambystoma maculatum.
Stage
Order 
of 
appearance Bone
No. 
of 
specimens
Snout -Vent length (mm)
Mean ± SE Range
I 1 vomer, coronoid 
dentary, palatine
3 8.3 0.2 8.1-8.7
n 2 premaxilla 11 7.8 0.2 6.7-8.5
3 parasphenoid 13 8.5 0.1 8.2-9.2
4 squamosal 8 8.8 0.1 8.2-93
5 prearticular 8 8.4 0.2 8.0-9.3
m 6 pterygoid 2 8.4 - 8.4-8.4
7 frontal 1 9.2 - 9.2-9.2
8 parietal 6 10.1 0.2 9.8-11.0
IV 9 exoccipital 58 9.9 0.2 8.3-13.0
V 10 quadrate 22 14.1 0.3 10.9-17.0
11 maxilla 40 17.0 0.2 15.0-20.4
VI 12 prootic 1 20.7 - 20.7-20.7
13 opisthotic 17 21.1 0.2 19.6-22.5
14 prefrontal 5 22.0 0.1 21.7-22.4
15 operculum 12 22.5 0.2 21.5-23.3
vn 16 septomaxilla 13 24.1 0.3 21.7-27.0
17 orbitosphenoid 2 24.4 0.9 23.4-25.3
18 nasal 16 25.8 0.3 23.3-28.1
vni 19 loss of palatine 1 26.8 - 26.8-26.8
20 loss of coronoid 5 25.1 0.7 23.0-27.6
IX 21 articular 3 47.1 6.3 35.9-57.9
&
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Table 5. Variation in ossification sequence of the first three cranial 
elements in different populations of Ascaphus trueiX__________________
Population Sequence
WA: Mason Co. Parasphenoid, Frontoparietal, Exoccipital
WA: Cowlitz Co. Exoccipital, Parasphenoid, Frontoparietal
OR: Josephine Co. Exoccipital, Parasphenoid, Frontoparietal 
Exoccipital, Frontoparietal, Parasphenoid 
[Parasphenoid, Frontoparietal], Exoccipital
OR: Tillamook Co. Exoccipital, Frontoparietal, Parasphenoid
ID: Elmore Co. Exoccipital, Parasphenoid, Frontoparietal 
Exoccipital, Frontoparietal, Parasphenoid
*1
1 Sequence of ossification of bracketed elements is unknown.
Table 6. Mean number of cranial elements and mean body size by Gosner Stage in Ascaphus trueu 
Snout-Vent Length (mm)
Mean + SE__________ Rangg____
10-11
9-12
10- 13
9-14
11- 15
12- 16
12- 17
13- 20
17-21
17-20
14- 20
17-19
17-21
17-22
17- 21
18- 23
17-24
22-41
Gosner Stage
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46 _____
No. of Elements________
Range 
0-1 
0-1 
0-3 
0-3 
0-3 
0-3 
1-3 
3-3 
3-3 
1-3 
3-3
1- 4
2- 4
3- 6
4- 5
3- 7
4- 13 
13-17
Mean ± SE
0.5
0.3
0.3
0.3
0.2
0.1
0.1
0.7
0.3
0.2
0.2
0.2
0.4
0.5
0.3
10.7
11.4
11.8
12.7
13.2
14.1
15.2
16.1
19.5
18.6
18.7
18.5
18.8
19.4
19.6
20.5
21.8
29.5
0.7
0.7
0.2
0.5
0.2
0.2
0.2
0.2
0.3
0.9
0.6
0.3
0.2
0.4
0.6
0.6
0.4
1.1
No.
2
4
131
8
24
35
43
43
20
3
9
92
243
15
6
114
195
24
0.5 
0.3 
1.1 
1.8
1.7
2.7
2.8 
3.0 
3.0 
2.3 
3.0 
2.9
3.5 
4.1
4.5 
4.8
11.3
15.3
1 Size data not available for 1 specimen.
2 Size data not available for 1 specimen.
3 Size data not available for 2 specimens.
4 Size data not available for 3 specimens.
5 Size data not available for 2 specimens.
Table 7. Variation in timing of cranial ossification for the first three bones to appear in Ascaphus truei.
Cranial element Population
Latest Gosner 
Stage with 
frequency of 0%
First Gosner 
Stage with 
frequency of 100%
No. 
of Stages
Parasphenoid WA: Mason 28 34 6
WA: Cowlitz 33 35 2
ID: Elmore 30 34 4
OR: Josephine 31 36 5
OR: Tillamook 31 42 11
Exoccipital WA: Mason 30 34 4
WA: Cowlitz 33 35 2
ID: Elmore 30 32 2
OR: Josephine 31 34 3
OR: Tillamook 31 36 5
Frontoparietal WA: Mason 30 34 4
ID: Elmore 30 34 4
OR: Josephine 31 36 5
OR: Tillamook 31 36 5
WA: Cowlitz 33 36 3
U1 
NJ
Table 8. Variation in timing of cranial ossification of the last fourteen elements 
to ossify in the skull of Ascaphus truei.
Cranial element
Latest Gosner 
Stage with 
frequency of 0%
First Gosner
Stage with 
frequency of 100%
Number 
of Stages
Septomaxilla 39 43 4
Premaxilla 41 46 5
Vomer 41 46 5
Angulosplenial 43 46 3
Dentary 44 46 2
Sphenethmoid 44 46 2
Maxilla 44 46 2
Squamosal 44 46 2
Pterygoid 44 46 2
Prootic 44 46 2
Nasal 44 461 2
Mentomeckelian 45 462 1
Quadrate 45 46s 1
Articular 45 464 1
1 Frequency equals 62%.
2 Frequency equals 42%.
3 Frequency equals 46%.
4 Frequency equals 38%.
cn
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Table 9. Ontogenetic stages in the development of the skull of 
Notophthalmus viridescens (from Reilly, 1986).
Stages Diagnostic features
I Ossification of coronoids, dentaries, premaxillae, 
squamosals, vomers, palatines, and prearticulars.
n Ossification of frontals, exoccipitals, parietals, 
pterygoids, prootics, quadrates, orbitosphenoids 
parasphenoid, and opisthotics.
m Ossification of opercula, prefrontals, maxillae, 
otic capsule, and process of frontosquamosal arch.
IV Ossification of nasals, and completion of the 
frontosquamosal arch.
Metamorphs Palatine-pterygoid disintegration; loss of 
palatines and coronoids; new jugal process on 
maxillae; rearrangement of vomerine teeth.
Efts Appearance of bifid teeth, maxillary teeth, and 
articular ossifies.
Adults Lengthening and solidification of the skull; 
appearance of coronoid process on mandible; 
completion of palate.
Fig. 1. Phylogenetic relationships of extant families of salamanders, 
(after Duellman and Trueb, 1986)
U1
tn O'
Fig. 3, Localities of populations of Ascaphus truei Included in this study:
1. Josephine Co., OR
2. Tillamook Co., OR
3. Mason Co., WA
4. Cowlitz Co., WA
5. Wallowa Co., OR
6. Shoshone Co., ID
7. Elmore Co., ID
vl
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Figure 4. Snout-Vent length as a function of cranial ossification in 
Ambystoma maculatum.
59
Fig. 5. (A) Dorsal view of Stage I Ambystoma maculatum (MKM 42).
Dorsal (B), and lateral (C) views of Stage II skull (MKM 77).
60
c
Fig. 6. Dorsal (A), ventral (B), and lateral (C) views of Stage HI
Ambystoma maculatum (MKM 239) skull.
61
c
Fig. 7. Dorsal (A), ventral (B), and lateral (C) views of Stage IV
Ambystoma maculatum (MKM 214) skull.
62
c
Fig. 8. Dorsal (A), ventral (B), and lateral (C) views of Stage V
Ambystoma maculatum (MKM 300) skull.
63
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Fig. 9. Dorsal (A), ventral (B), and lateral (C) views of Stage VI
Ambystoma maculatum (MKM 359) skull.
64
c
Fig. 10. Dorsal (A), ventral (B), and lateral (C) views of Stage VH
Ambystoma maculatum (MKM 466) skull.
65
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Fig. 11. Dorsal (A), ventral (B), and lateral (C) views of Stage Vm
Ambystoma maculatum (MKM 477) skull.
66
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Fig. 12. Dorsal (A), ventral (B), and lateral (C) views of Stage IX
Ambystoma maculatum (LSUMZ 18195) skull.
Gosner Stage
Figure 13. Cranial ossification by Gosner Stage in Ascaphus truei. 
Horizontal lines are the mean values. Vertical lines equal the ranges, and 
the solid rectangles are 95% confidence intervals.
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Gosner Stage
Figure 14. Frequencies of individual cranial elements (parasphenoid and 
exoccipital) at different Gosner stages in Ascaphus truei (solid squares), 
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo 
boreas (open squares).
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Septomaxilla
Figure 15. Frequencies of individual cranial elements (frontoparietal and
septomaxilla) at different Gosner stages in Ascaphus truei (solid squares),
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo
boreas (open squares).
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Premaxilla
ASCAPHUS
RANA
BUFO
BOMBINA
Figure 16. Frequencies of individual cranial elements (premaxilla and
vomer) at different Gosner stages in Ascaphus truei (solid squares),
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo
boreas (open squares).
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Dentary
Figure 17. Frequencies of individual cranial elements (angulosplenial
and dentary) at different Gosner stages in Ascaphus truei (solid squares),
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo
boreas (open squares).
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ASCAPHUS 
RANA 
BUFO 
BOMB IN A
Figure 18. Frequencies of individual cranial elements (maxilla and
squamosal) at different Gosner stages in Ascaphus truei (solid squares),
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo
boreas (open squares).
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ASCAPHUS
RANA
BUFO
BOMB INA
Figure 19. Frequencies of individual cranial elements (sphenethmoid
and pterygoid) at different Gosner stages in Ascaphus truei (solid squares),
Bombina orientalis (solid circles), Rana pipiens (solid triangles), and Bufo
boreas (open squares).
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ASCAPHUS
--A— RANA 
“ - □“ - BUFO 
-----•— BOMBINA
Figure 20. Frequencies of individual cranial elements (prootic and nasal) 
at different Gosner stages in Ascaphus truei (solid squares), Bombina 
orientalis (solid circles), Rana pipiens (solid triangles), and Bufo boreas 
(open squares).
ASCAPHUS
RANA
BUFO
BOMBINA
Figure 21. Frequency of the mentomeckelian at different Gosner stages 
in Ascaphus truei (solid squares), Bombina orientalis (solid circles), Rana 
pipiens (solid triangles), and Bufo boreas (open squares).
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Fig. 22. (A) Dorsal view of the skull of a Stage 33 Ascaphus truei (DCC
2507) from Mason Co., WA. (B) Dorsal view of the skull of a Stage 32 
Ascaphus truei (DCC 2656) from Elmore CO., ID.
Fig. 23. (A) Dorsal view of the skull of a Stage 36 Ascaphus truei (DCC 
2531) from Mason Co., WA. Dorsal (B), and lateral (C) views of the skull of 
a Stage 42 Ascaphus truei (DCC 2768) from Josephine Co., OR.
78
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Fig. 24. Dorsal (A), ventral (B), and lateral (C) views of the skull of a
Stage 45 Ascaphus truei (DCC 2750) from Mason Co., WA.
79
Fig. 25. Dorsal (A), ventral (B), and lateral (C) views of the skull of a late
Stage 45 Ascaphus truei (DCC 2747) from Mason Co., WA.
80
A
Fig. 26. Dorsal (A), ventral (B), and lateral (C) views of the skull of a
juvenile Stage 46 Ascaphus truei (DCC 2704) from Shoshone Co., ID.
81
B
Fig. 27. Dorsal (A), and ventral (B) views of the skull of an adult Stage 46
Ascaphus truei (DCC 2713) from Shoshone Co., ID.
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Gosner Stage
Figure 28. Cranial ossification as a function of Gosner stage in Ascaphus truei and 
Bombina orientalis, Rana pipiens, and Bufo boreas. Numbers are based on the 
earliest appearance of cranial elements. Symbols for each species are the same as in 
Figures 14-21.
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APPENDIX A. Specimens of Ambystoma maculatum examined in this
Collector 
(MKM) No.
study.
Snout-Vent 
length (mm)
508 5.67
511 5.87
70 5.97
510 6.04
82 6.06
80 6.10
71 6.13
-81 6.33
509 6.57
85 6.69
61 6.72
73 6.85
72 7.21
86 7.24
518 7.40
517 7.47
84 7.57
83 7.84
88 7.86
516 7.91
9 7.92
514 7.94
87 7.94
89 7.96
91 7.98
76 8.00
520 8.02
521 8.05
513 8.06
8 8.08
90 8.09
512 8.19
78 8.21
37 8.22
49 8.22
38 8.22
34 8.22
137 8.25
89
90
Appendix A (continued)
Collector 
fMKM) No.
Snout-Vent 
length (mm)
74 ' 8.25
519 8.29
75 8.32
128 8.32
515 8.35
32 8.37
125 8.37
45 8.37
159 8.40
143 8.42
77 8.42
79 8.44
133 8.52
129 8.52
21 8.53
41 8.53
33 8.53
50 8.53
44 8.53
52 8.53
35 8.53
53 8.53
135 8.57
10 8.57
141 8.58
138 8.60
130 8.61
162 8.66
51 8.69
46 8.69
43 8.69
154 8.69
42 8.69
40 8.69
54 8.69
134 8.75
156 8.76
150 8.77
127 8.84
36 8.85
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Appendix A (continued)
Collector 
(MKM) No 
132 
48 
131
152
153
157
158
160
139
149
155
144
136
163
147
23
11
236
148
39
142
47
146
161
258
256
234
259
140
126
239
241
249
237
257
240
246
253
151
238
Snout-Vent 
.length (mm)
8.85
8.85 
8.87 
8.87
8.89
8.89
8.95
8.96
8.97 
8.97 
9.01 
9.04 
9.05 
9.07
9.15
9.16 
9.16 
9.22 
9.29
9.32
9.32
9.32
9.34
9.67
9.79
9.93
9.94
9.99 
10.08
10.13 
10.15
10.17
10.23
10.41
10.51 
10.76
10.82
10.84
10.89
10.90
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Appendix A (continued)
Collector Snout-Vent
1MKM) No. length (mm)
235 10.92
260 10.94
255 11.15
145 11.44
252 11.64
244 11.90
243 12.06
250 12.07
248 12.14
245 12.16
251 12.26
225 12.29
231 12.37
228 12.45
247 12.54
233 12.87
331 12.94
229 13.04
230 13.26
296 13.30
321 13.43
332 13.83
232 13.96
325 14.16
227 14.20
254 14.26
226 14.31
324 14.33
322 14.44
326 14.46
302 14.74
291 14.82
295 14.89
297 14.94
317 15.03
327 15.18
320 15.27
293 15.39
288 15.48
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Appendix A (continued)
Collector 
(MKM)No
299
292
289
330
242
307
315
319
328
316
301
303
314
318
337
311
290
366
329
306
309
323
304
313
310
308
339
305
312
298
342
336
300
333
375
389
370
371
379
365
Snout-Vent 
length (mm)
15.60
15.64
15.74
15.83 
16.04
16.10
16.14
16.14
16.18
16.52
16.58
16.65 
16.68
16.75 
16.82
16.84
16.85
16.86 
17.01
17.13
17.20
17.21
17.42
17.42
17.43
17.59
17.63
17.67
17.72
18.10
18.18 
18.54 
18.81 
19.09
19.41 
19.47
19.63
19.86
20.14 
20.37
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Appendix A (continued)
Collector 
(MKM) No 
338
360
386
372
340
368
353
383
356
376
343
388
381
364
346
385
350
349
382
367
374
362
384
345
354
351
377
361
373
478
387
344
341
464
359
Snout-Vent 
length (mm)
20.43
20.71
20.79 
20.82
20.85 
20.89 
21.01
21.46 
21.49
21.52
21.53
21.54
21.59
21.60
21.65
21.73 
21.78
21.85
21.87
21.94 
22.06 
22.12
22.34 
22.37
22.42
22.43
22.46
22.71
22.80 
23.02 
23.03 
23.09
23.10
23.18
23.19
Appendix A (continued)
Collector 
(MKM)No. 
355
456
455
352
380
369
347
335
378
334
475
357
358
477
457
467
471
462
469
348
476
472
463
459
461
465
458
468
473
466
363
470
474
460
LSUMZ No.
24429
18195
6726
Snout-Vent 
length (mm) 
23.25
23.31
23.42
23.66 
23.70
23.80
23.80
23.87
23.99
24.24
24.43
24.62
24.67
24.84 
25.00
25.31 
25.33 
25.56
25.58
25.58
25.59
25.63
25.63
25.64
25.95
26.14
26.25
26.55 
26.77
26.84 
26.98
27.56
27.64
28.15
35.93
47.58
57.88
APPENDIX B. Specimens of Ascaphus truei examined in this study, 
including a summary of the total number of individuals in each Gosner 
stage. (**) indicates that size data is not available for the specimen.
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (mm)
2635 26 6.41
2636 26 8.11
2634 26 739
2641 27 8.92
2643 27 7.83
2639 27 8.38
2642 27 8.49
2637 27 924
2638 27 8.36
2640 27 8.85
2645 28 926
2644 28 8.65
2646 28 8.66
2647 29 11.47
2481 29 10.01
1762 30 1270
2482 30 9.65
2649 30 1217
2648 30 11.12
2651 31 13.09
2505 31 10.93
2654 31 1241
2652 31 11-58
2478 31 11.35
2582 31 1207
2480 31 11.85
2653 31 1121
2479 31 11.70
2583 31 1220
2584 31 1138
2650 31 1219
1527 31 ♦ »
2587 32 1264
2658 32 9.43
2657 32 13.66
2586 32 1255
2585 32 14.16
2656 32 1227
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Appendix B (continued)
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (nun)
2483 32 13.44
2655 32 1339
2680 33 12.53
1591 33 1530
2591 33 14.19
2477 33 11.68
2679 33 12.83
2592 33 14.12
2506 33 13.07
2507 33 11.39
2594 33 1536
2661 33 13.72
2593 33 14.05
2595 33 13.56
2588 33 1335
2660 33 1254
2475 33 1234
2590 33 12.45
2678 33 11.95
1765 33 1130
2596 33 12.95
2597 33 1247
2476 33 1328
2589 33 14.49
2681 33 12.74
2659 33 1298
2517 34 1291
2469 34 1238
2665 34 15.78
2602 34 ‘ 16.12
2603 34 15.45
2512 34 1332
2600 34 14.42
2471 34 14.29
2664 34 15.27
2604 34 16.11
2509 34 14.06
2685 34 13.59
2514 34 1339
2473 34 13.04
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Appendix B (continued)
Collector Gosner
(DCC) No. Stage
2511 34
2513 34
2684 34
2510 34
2472 34
2516 34
2470 34
2515 34
2601 34
2607 34
2683 34
2605 34
2599 34
2474 34
2606 34
2682 34
2662 34
2663 34
2608 34
2598 34
2508 34
2670 35
2669 35
2613 35
2611 35
2617 35
2610 35
2688 35
2522 35
2612 35
2615 35
2463 35
2618 35
2622 35
2609 35
2668 35
2519 35
2671 35
2667 35
2666 35
Snout-Vent 
length (mm) 
13.02
12.54
13.61
12.35 
13.48 
1323 
13.14 
13.01
14.54
14.71 
12.76 
13.33 
1559 
1355
14.68 
13.05
14.72 
16.22
14.84
16.44
12.81 
1521 
1652 
1755 
17.06
15.72
16.97 
1432 
1457
• 16.27
17.73
13.10 
15.17
14.98 
1655 
16.04
14.95
17.61
15.65
15.99
99
Appendix B (continued)
Collector Gosner Snout-Vent
(DCC) No. Stage length (mm)
2523 35 14.63
2623 35 16.82
2691 35 14.80
2689 35 14.29
2518 35 13.47
2464 35 14.73
2616 35 15.60
2466 35 14.69
2524 35 14.98
2527 35 13.15
2690 35 14.00
2687 35 14.66
2614 35 15.56
2619 35 15.07
2620 35 17.05
2520 35 13.79
2468 35 1329
2686 35 16.03
2465 35 1337
2526 35 13.81
2525 35 1358
2621 35 1754
2521 35 14.65
2467 35 1289
2462 36 15.22
2695 36 14.33
2577 36 15.27
2458 36 1420
2459 36 15.02
2624 36 ' 1621
2575 36 15.41
2579 36 15.01
2576 36 15.08
2630 36 17.21
2629 36 16.02
2697 36 15.48
2692 36 16.14
2460 36 13.81
2534 36 15.06
2529 36 15.20
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Appendix B (continued)
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (mm)
2533 36 14.95
2530 36 15.18
2633 36 16.17
2578 36 15.84
2457 36 14.42
2531 36 15.75
2632 36 18.43
2528 36 15.45
2631 36 18.13
2673 36 20.57
2626 36 16.63
2693 36 14.22
2627 36 17.48
2628 36 15.82
2581 36 17.64
2677 36 18.69
2461 36 15.30
2676 36 16.89
2672 36 19.12
2675 36 18.67
2625 36 16.68
2532 36 15.54
2580 36 15.03
2674 36 15.24
2535 36 15.00
2694 36 16.41
2696 36 1724
2718 37 1725
2724 37 18.58
2727 37 • 20.68
2720 37 18.78
2721 37 19.03
2731 37 18.33
2734 37 20.03
2722 37 19.17
2733 37 21.09
2723 37 1927
2736 37 21.02
2725 37 1831
2726 37 19.86
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Appendix B (continued)
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (mm)
2732 37 18.77
2730 37 21.44
2728 37 19.46
2729 37 21.28
2719 37 18.34
2735 37 19.73
2717 37 1933
1584 38 17.00
2739 38 18.73
2740 38 20.05
2815 39 18.47
2743 39 20.94
2816 39 14.29
2742 39 19.81
2779 39 1827
2741 39 19.26
2785 39 1957
2780 39 18.46
2781 39 1953
2783 40 18.47
2782 40 1925
1528 40 » •
2814 40 1736
2790 40 19.11
2795 40 17.30
2744 40 19.30
2788 40 19.12
2789 40 18.03
2760 41 1824
2796 41 < 17.60
2802 41 1835
2800 41 18.71
2793 41 18.71
2759 41 19.40
2758 41 19.87
2794 41 18.14
2813 41 20.78
2774 41 20.65
2801 41 18.18
2797 41 18.59
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Appendix B (continued)
Collector Gosner
(DCC) No. Stage
2773 41
1588 41
2791 41
1526 41
1530 41
1776 41
1587 41
1586 41
2803 41
2798 41
2792 41
2812 41
2769 42
2755 42
2768 42
2775 42
2770 42
2772 42
2776 42
2777 42
2757 42
2756 42
2771 42
2754 42
1779 42
2810 42
2767 42
2809 43
2778 43
2766 43
2753 43
2765 43
2811 43
2807 44
2454 44
2752 44
2455 44
2808 44
1532 44
1524 44
Snout-Vent 
length (mm) 
21.48 
17.40 
18.94
20.00
17.70
18.80
1732
17.73
18.44
18.92
19.16
18.00
19.1
22.05
19.00
1824
20.90
2235
18.11
17.44
1839
18.70
18.70
2158
19.48
2124
20.81 
• 19.01
17.73
2038
18.61
2132
18.98
20.27
18.60
2232
J
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Appendix B (continued)
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (mm)
2763 44 1957
2456 44 19.40
1533 44 * *
2764 44 2353
2747 45 21.79
2452 45 21.31
2749 45 22.70
1529 45 4 4
2745 45 22.28
2737 45 22.63
2748 45 24.07
2761 45 22.64
2738 45 22.70
2751 45 2152
2750 45 17.73
2746 45 22.64
1523 45 4 4
2806 45 2132
2804 45 21.38
2451 45 20.25
2453 45 2Z86
2805 45 20.18
2762 45 23.41
2713 46 41.17
2703 46 31.61
2715 46 35.01
2699 46 26.15
2698 46 29.64
2708 46 27.65
2701 46 ' 29.69
2714 46 3629
2712 46 41.18
2716 46 34.32
2705 46 33.64
2711 46 35.11
2702 46 24.95
1090 46 26.80
2706 46 24.37
1094 46 22.80
1089 46 24.50
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Appendix B (continued)
Total number of individuals examined by Gosner stage.
Collector 
(DCC) No.
Gosner 
Stage
Snout-Vent 
length (mm)
1337 46 24.90
2710 46 25.13
2707 46 27.12
1085 46 27.80
2709 46 26.72
2700 46 25.09
2704 46 25.55
Gosner 
Stage
Tota 
No.
26 3
27 7
28 3
29 2
30 4
31 13
32 8
33 24
34 35
35 43
36 43
37 20
38 3
39 9
40 9
41 24
42 15
43 6
44 11
45 19
46 24
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